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Abstract 

Background: Diabetes is a significant risk factor for developing West Nile virus (WNV)-associated encephalitis 
(WNVE) in humans, the leading cause of arboviral encephalitis in the United States. Using a diabetic mouse model 
(db/db), we recently demonstrated that diabetes enhanced WNV replication and the susceptibility of mice to WNVE. 
Herein, we have examined immunological events in the brain of wild type (WT) and db/db mice after WNV 
infection. We hypothesized that WNV-induced migration of protective leukocytes into the brain is attenuated in the 
presence of diabetes, leading to a high viral load in the brain and severe disease in diabetic mice. 

Methods: Nine-week old C57BL/6 WT and db/db mice were infected with WNV. Leukocyte infiltration, expression of 
cell adhesion molecules (CAM), neuroinflammatory responses, activation of astrocytes, and neuronal death were 
analyzed using immunohistochemistry, qRT-PCR, flow cytometry, and western blot. 

Results: We demonstrate that infiltration of CD45 + leukocytes and CD8 + T cells was significantly reduced in the 
brains of db/db mice, which was correlated with attenuated expression of CAM such as E-selectin and ICAM-1. WNV 
infection in db/db mice was associated with an enhanced inflammatory response in the brain. mRNA and protein 
levels of key chemokines such as CXCL10, CXCL1, CCL2, CCL5, CCL3, and G-CSF, and cytokines such as IL-1(3, TNF, 
IL-6, IFNy, and IL-1 a were significantly elevated in the brains of db/db mice compared to WT mice. Elevated levels of 
cytokines also correlated with increased astrocytes activation and neuronal damage in the brains of db/db mice. 

Conclusion: These data suggest that reduced leukocytes recruitment, in part, due to lower levels of CAM results in 
failure to clear WNV infection from the brain leading to increased production of inflammatory molecules, which 
mediates increased neuronal death and mortality in db/db mice. This is the first study to elucidate the expression of 
CAM and their correlation with the migration of leukocytes, specifically cytotoxic CD8 + T cells, in increasing disease 
severity in the diabetic mouse model. 
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Background 

Type 2 diabetes is associated with an impaired immune 
response and increased susceptibility to various pathogens 
[1,2]. Diabetes inhibits important aspects of leukocyte 
function including adhesion, chemotaxis and phagocytosis, 
oxidative burst, and intracellular killing [2-5]. Diabetes is 
also associated with an enhanced inflammatory response 
to infections [6,7]. It is known that diabetes adversely af- 
fects leukocyte adherence and transendothelial migration. 
Several studies have demonstrated that the adhesion and 
migration of neutrophils and monocytes in response to 
various chemotactic stimuli is significantly reduced in 
diabetic patients compared to non-diabetic controls [3,8,9]. 
It has also been demonstrated that diabetes results in atten- 
uated upregulation of cell adhesion molecules (CAM) and 
their ligands, such as intercellular cell adhesion molecule 1 
(ICAM-1), E-selectin, and macrophage antigen- 1 after vari- 
ous stimuli such as lipopolysaccharides (LPS) [3,10,11]. 
However the effect of diabetes on the expression of CAM 
and the migration of leukocytes, specifically across the 
blood-brain barrier (BBB), in response to viral infections 
such as West Nile virus (WNV) remains largely unknown. 
Moreover, the effect of diabetes on the migration of cyto- 
toxic CD8 + T cells, important cells in protection against 
viral infections, has never been studied. 

WNV, a mosquito-borne Flavivirus, belonging to the 
family Flaviviridae, that causes lethal encephalitis, has 
emerged as a significant cause of viral encephalitis in the 
United States [12]. Since its introduction to North 
America in 1999, outbreaks of WNV fever (WNF) and 
encephalitis (WNVE) have occurred in regions through- 
out United States. Up to 70% of the survivors of WNV 
neuroinvasive disease experience persistent neurological 
deficits after infection [13]. There are no therapeutic 
agents or vaccines approved for use against WNV infec- 
tion in humans. WNVE occurs more frequently in elderly 
and in persons with a compromised immune system, 
hypertension and Type 2 diabetes [14]. Epidemiological 
and experimental data suggests that diabetes is associated 
with an increased risk of WNVE [15-19], and that patients 
with diabetes are four times more likely to develop WNVE 
than WNF, which is significantly more than other factors 
such as old age, male gender and hypertension [20,21]. It 
has been reported that a higher proportion of patients 
with WNV infection had hyperglycemia on admission 
to the hospital. Moreover, persons with diabetes are also 
most likely to have persistent symptoms after WNV in- 
fection [22,23]. Despite its public health importance, 
the neuropathogenesis of WNV infection in the diabetic 
population is largely unknown. 

WNVE is characterized by neuronal death, activation 
of glial cells, and infiltration of leukocytes in the perivas- 
cular space and parenchyma [24-26]. A robust induction 
of antiviral immune responses is critical for the control 



of WNV infection in the periphery and brain. Antiviral 
type I interferon (IFN-a and -p) production is essential in 
suppressing viral titers in the brain and peripheral organs 
[27]. The induction of WNV-specific immunoglobulins 
(IgM and IgG) is essential for suppressing viremia and 
virus dissemination [28] . The migration of leukocytes into 
the brain is essential for controlling WNV infection in the 
brain [25,29]. CD8 + T cells are essential for protection 
against WNV infection by clearing the virus in the brain 
[30]. An absence of CD8 + T cells results in unrestricted 
WNV replication and increased neuronal death because 
of the high cytopathic potential of WNV [24,30]. WNV- 
induced expression of CAM, such as ICAM-1, and pro- 
inflammatory molecules such as tumor necrosis factor 
(TNF) and CXCL10 promote the trafficking of leukocytes 
into the brain [29,31,32]. 

We have previously demonstrated, using the diabetic 
mouse model db/db, that diabetes enhanced the suscepti- 
bility of mice to WNV disease and suppressed virus clear- 
ance in serum, peripheral tissues, and brains of db/db 
mice when compared to wild type (WT) mice [19]. 
These observations were associated with a significant 
delay in the induction of antiviral immune responses 
(IFN-a, IgM, and IgG) and an increase in the pro- 
inflammatory responses in the serum of db/db mice. In 
this study, we have analyzed the immunological events in 
the brains of WT and db/db mice after WNV infection in 
order to understand the immune mechanisms underlying 
increased WNV disease severity in diabetics. 

Methods 

Animal experiments 

Male nine-week-old C57BL/6 ]-Lepr db /Lepr db (db/db) 
mice and C57BL/6 J (WT) mice were purchased from 
The Jackson Laboratory (Bar Harbor, Maine, United 
States). Animals were housed four per cage and allowed 
to eat and drink freely. The animal suite was maintained 
at 72°F, at 45% humidity, and on 12 hour light and dark 
cycles. Sawdust bedding was provided along with paper 
towels. Trained and certified personnel conducted all 
the animal experiments. This study was approved by the 
University of Hawaii Institutional Animal Care and Use 
Committee (IACUC) (protocol number 10-948), and 
was conducted in strict accordance with guidelines 
established by the National Institutes of Health and the 
University of Hawaii IACUC. 

After acclimatization for one week, WT and db/db 
mice were inoculated via the footpad route with 10 
plaque forming units (PFU) of WNV (NY99) or phosphate 
buffered saline (PBS, mock) and at days 4, 6, and 8 after 
infection. Mice were anesthetized using isoflurane and 
perfused with cold PBS as described previously [19,33,34]. 
Brains were harvested and flash frozen in 2-methylbutane 
(Sigma, St. Louis, Missouri, United States) and stored at 
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-80°C until further processing. WNV is first detected in 
the brain between days 4 and 6 after footpad inoculation 
and peak virus load is observed at day 8 after infection 
[34], therefore, brains were harvested at days 4, 6, and 8 
after infection. 

Alternatively, mice were perfused with PBS followed 
by 4% paraformaldehyde (PFA) and brains were har- 
vested, cryoprotected in 30% sucrose (Sigma, St. Louis, 
Missouri, United States), and embedded in the optimum 
cutting temperature (OCT) as described previously [34]. 
One half of the frozen brain tissues were weighed and 
homogenized in a bullet blender using glass or zirconium 
beads, and a plaque assay was conducted as described 
previously [19]. 

Quantitation by qRT-PCR and western blot 

One half of the frozen brain tissues were powdered over 
dry ice to obtain a homogenous sampling and an aliquot 
of the frozen brain powder was used to extract total 
RNA and protein. The mRNA levels of multiple host 
genes were determined using qRT-PCR and the fold- 
Table 1 Primer sequences used for qRT-PCR 



change in infected brains compared to mock brains was 
calculated after normalizing to the fi-actin gene as de- 
scribed previously [34-36]. The primer sequences and 
annealing temperatures used for qRT-PCR are listed in 
Table 1. Total cellular protein was extracted from the 
brain and 20 to 30 \ig protein was separated on SDS- 
PAGE, transferred onto nitrocellulose membrane and 
incubated overnight with polyclonal antibodies against 
ICAM-1, E-selectin, vascular cell adhesion molecule 1 
(VCAM-1) (Santa Cruz, Dallas, Texas, United States) 
and p-actin (Sigma, St. Louis, Missouri, United States) 
as described previously [34,35,37]. Following incubation 
with secondary antibodies conjugated with IRDye 800 
and IRDye 680 (Li-Cor Biosciences, Lincoln, Nebraska 
United States), the membranes were scanned using the 
Odyssey infrared imager (Li-Cor Biosciences, Lincoln, 
Nebraska United States). 

Immunohistochemistry 

Sagittal sections of 10- [im thickness were cut from the 
hemi-brain tissues frozen in OCT, and whole sagittal 



Gene (Accession No.) 



Primer Sequence ft'S 1 ) 



Amplicon 



(bp)* 



Tm (°C) # 



CD45 [GenBank: L36091] 

Forward 

Reverse 

CD4 [GenBank: NM_013488] 

Forward 

Reverse 

CD8 [GenBank: NM_009857] 

Forward 

Reverse 

CDllb [GenBank: EF101557] 

Forward 

Reverse 

GFAP [GenBank: NM_010277] 

Forward 

Reverse 

ICAM-1 [GenBank: NM_010493] 

Forward 

Reverse 

E-selectin [GenBank: M87862] 

Forward 

Reverse 

VCAM-1 [GenBank: NM_011693] 

Forward 

Reverse 

*bp, base pair; # Tm, Melting temperature. 



GCCCAAACAAATOCACAT 
TOGGCGmCTGGAATC 

ggaagactctcagac™t 

GAAGGTCACmGAACAC 

GTAATGAGCAGACTGTAAC 
CTATATGATGGGCAGACA 

GCATGTCAAGAACAAGTA 
CTAAAGCCAGGTCATAAG 

GTGGAmGGAGAGAAAG 
GTATOAGTGCGAATCTC 

ATAACTGGACTATAATCATCTG 
AGCCTOTGTAAOTGTAT 

CATGACGTATGATGAAGC 
GATOGAGTOAGGTAGTO 

CTCTAGCAAGACCCmA 
CATOTCACAGGCAmC 



107 



79 



79 



133 



177 



119 



149 



58 



57 



56 



56 



56 



57 



57 



57 
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tissue sections were stained with anti-CD45-FITC and 
anti-CD8-APC (eBiosciences, San Diego, California, 
United States) overnight at 4°C as described previously 
[34,37]. Additionally, tissue sections were also incu- 
bated with primary antibodies against glial fibrillary 
acidic protein (GFAP) (DakoCytomation, Carpinteria, 
California, United States), NeuN (Millipore, Billerica, 
Massachusetts, United States), E-selectin, ICAM-1, 
VCAM-1 (Santa Cruz, Dallas, Texas, United States) 
and von Willebrand factor (vWF) (Abeam, Cambridge, 
Massachusetts, United States) overnight at 4°C followed 
by Alexa Fluor 546 or Alexa Fluor 488 conjugated second- 
ary antibody as described previously [34] . Terminal deoxy- 
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining was conducted using an in situ cell death detec- 
tion kit (Roche, Indianapolis, Indiana, United States) as 
described previously [38]. Images were acquired using the 
Zeiss Axiovert 200 fluorescent microscope (Carl Zeiss 
Microscopy, Thornwood, New York, United States). 

Flow cytometric analysis of infiltrated immune cells in the 
brain and spleen 

The brains and spleens from three WT and db/db mice 
(two independent experiments, a total of six mice per 
group) were isolated, pooled and homogenized using a 
Miltenyi gentle MACS cell dissociator (Miltenyi Biotec, 
San Diego, California, United States). Infiltrated leukocytes 
were isolated by discontinuous Percoll gradient centrifuga- 
tion and quantitated from the brain of WT and db/db 
mice as described previously [34,37]. Cells were counted 
and washed with 1 x fluorescence activated cell sorter 
buffer (0.5% BSA and 2 mM ethylenediaminetetraacetic 
acid). To identify for CD45 + , CDllb + , CD3 + , CD4 + and 
CD8 + cell populations, cells were stained using fluorescein 
isothiocyanate (FITC)-conjugated anti-CD45, phycoerythrin 
(PE) Cy7-conjugated anti-CDllb, PE-conjugated anti-CD3, 
PE Texas Red-conjugated anti-CD4 and allophycocyanin 
(APC)-conjugated anti-CD8 antibodies (eBiosciences, San 
Diego, California, United States) for 30 minutes at 4°C and 
then fixed with 4% PFA at 4°C for 15 minutes. Fluorescence 
minus one samples were prepared for detecting any 
spillover from other channel. Samples were analyzed by 
multi-color flow cytometry using FACS Aria and data 
were analyzed using Flowjo software (version 9.4.11) 
(TreeStar, Ashland, Oregon, United States) as described 
previously [34,37]. 

Measurement of cytokines and chemokines 

Brains were weighed and homogenized in a bullet 
blender (Next Advance, Averill Park, New York, United 
States) using glass beads as described previously [19,34]. 
The levels of cytokines and chemokines were measured 
in the brain homogenates by multiplex immunoassay 
using MILLIPLEX MAP Mouse Cytokine/Chemokine kit 



(Millipore, Billerica, Massachusetts, United States) as 
described previously [34]. 

PCR array 

The expression profile of multiple cytokines, chemokines 
and their receptors in the brains of mock- and WNV- 
infected WT and db/db mice was analyzed using a com- 
mercial RT 2 Profiler inflammatory cytokines and receptors 
PCR Array (SABiosciences, Valencia, California, United 
States, Catalogue number: PAMM-011Z) as described 
previously [34]. cDNA from four animals from each 
group was pooled. The fold-change in infected brains as 
compared to mock was calculated after normalizing to 
the housekeeping genes. 

Statistical analysis 

Unpaired student t-test using GraphPad Prism 5.0 
(GraphPad Software, La Jolla, California, United States) 
was used to calculate P values of difference. For multiplex 
immunoassay, two-way analysis of variance (ANOVA) with 
the post hoc Bonferroni test was used to calculate P values. 
Differences of p < 0.05 were considered significant. 

Results 

Leukocyte infiltration in the brains of db/db mice after 
WNV infection 

WT and db/db mice brain tissues were initially examined 
for histopathological changes following WNV infection. 
Hematoxylin and eosin (H & E) staining of brain sections 
from the WT mice demonstrated leukocyte infiltration 
along the meninges at day 8 after infection (Figure 1A). In 
contrast, fewer leukocytes were observed in the meninges 
of WNV-infected db/db mice. This observation was fur- 
ther confirmed by direct immunohistochemical analysis 
of the CD45 and CD 8 antigen, which revealed markedly 
reduced staining of CD45 and CD8 positive cells in the 
db/db mice brains when compared with WT mice at 
day 8 after infection (Figure 1A). We further quanti- 
tated the CD45 and CD8 positive cells in the brain sec- 
tions from four independent mice in each group. The 
average total cell number from 15 different brain areas 
per section (total 2 brain sections per mice) are depicted 
in Figure IB. The number of CD45 and CD8 positive 
cells in db/db mice was significantly lower than in WT 
mice (P <0.05). We then measured WNV viral load in 
the brains of WT and db/db mice using a plaque assay. 
In contrast to leukocyte infiltration, significantly higher 
virus titer was observed in db/db mice brains when 
compared to the WT mice brains at day 8 after infection 
(Figure 1C, P >0.05). 

Furthermore, we compared the mRNA expression 
levels of CD45, CD4, CD8, and CDllb in the brains of 
WT and db/db mice at days 6 and 8 after infection using 
qRT-PCR. As expected, mRNA expression of CD45, 
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Figure 1 Infiltration of leukocytes and viral load in the brains of WT and db/db mice after WNV infection. (A) Cryopreserved brain 
sections from WNV-infected WT and db/db mice at day 8 after infection were stained with hematoxylin and eosin (H & E) and antibodies against 
CD45 (Green, white arrows and enlarged inset of the arrowed box) and CD8 (Red, white arrows and enlarged inset of the arrowed box). Black 
arrows and enlarged inset of the arrowed box on the H & E stained sections identify leukocytes infiltrating into the meninges of the WT brains. 
The photomicrographs demonstrate representative images obtained from two independent experiments (n =4 per group). Bars, 20 urn. 
(B) Quantitative representation of total numbers of CD45 and CD8 positive cells from 15 different brain areas per section (total 2 brain sections 
per mice) from two independent experiments (n = 4 per group). *P <0.05. (C) Brain viral load was determined in WT and db/db mice, at days 4, 6, 
and 8 after infection by plaque assay using Vero cells and is reported as PFU per gram of tissue. Data represents the mean ± SEM, representing 
two independent experiments (n = 7-1 1 per group). *P <0.05. PFU, plaque-forming units; SEM, standard error of mean. 
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CD8, and CD lib genes was up-regulated at day 6 after 
infection in WT mice, which further increased at day 8 
after infection as compared to corresponding controls 
(Figure 2 A, 2C, and 2D). However, this increase was at- 
tenuated in the brain of infected db/db mice. Expression 
levels of CD45, CD8 and CD lib genes were significantly 
low in infected db/db mice when compared with infected 
WT mice at both days 6 and 8 after infection (P <0.05). 
No significant difference in the expression of CD4 was 
observed between both groups (Figure 2B). 

To further verify these results we isolated leukocytes 
from the brain of WT and db/db mice at day 8 after infec- 
tion and analyzed by flow cytometry. We stained the cells 
for CD45 + , CDllb + , CD3 + , CD4 + and CD8 + markers to 
analyze both T cells and non-T cell subpopulations. Con- 
sistent with the mRNA, histological analysis and immuno- 
histochemistry results, there was a significant reduction in 
leukocyte infiltration in the brain of WNV-infected db/db 
mice when compared to WT mice. As shown in Figure 3A, 
the percentage of CD3 + CD8 + T cells in the brain of db/db 
mice was lower than in those of WT mice (3.9 versus 
11.6%). Additionally, the percentage of CD45 + CD3" leuko- 
cytes was reduced in the db/db mice more so than in the 
WT mice (46.6 versus. 54.8%). Finally, the total number of 
CD3 + CD8 + T and CD45 + CD3" cells trafficking into the 
brain of infected db/db mice was also significantly lower 
than in the infected WT mice (Figure 3C) (P <0.05). No 
statistically significant difference between the percentages 



or numbers of CD3 + CD4 + T and CD45 + CDllb + cells in 
the brains of WT and db/db mice was identified. 

Furthermore, we isolated leukocytes from the spleens 
of WT and db/db mice at day 8 after infection. Unlike 
the brain, equivalent percentage and numbers of CD3 + 
CD4 + and CD3 + CD8 + T cells, CD45 + CD3" cells as well 
as CD45 + CDllb + cells were observed in the spleens of 
WT and db/db mice (Figure 3B and 3D). 

Expression of chemokines and their receptors in the 
brains of db/db mice after WNV infection 

The migration of leukocytes into WNV-infected brain is 
associated with increased expression of several chemo- 
kines and their receptors in the brain [25]. It has been 
demonstrated that WNV-induced expression of chemo- 
kines such as CCL2, CXCL10 and chemokines receptors 
such as CCR5 and CCR2 promote the trafficking of leu- 
kocytes into the brain [25,29,39,40]. To determine 
whether decreased leukocyte accumulation in the brains 
of db/db mice could be indirectly attributed to the 
reduced expression of these chemokines in the brains of 
db/db mice, we analyzed the differential expression of 
various chemokines and their receptors in the brains 
of WT and db/db mice after WNV infection. mRNA levels 
of chemokines and their receptors were measured at day 8 
after infection using a PCR array. WNV infection resulted 
in a dramatic increase in mRNA levels of key chemokines 
and their receptors in the brain of WT mice as compared 
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Figure 2 WNV-induced leukocyte migration in the brain of WT and db/db mice. qRT-PCR was conducted on RNA extracted from mock- and 
WNV-infected brains from WT and db/db mice at indicated time points to determine fold-change in (A) CD45, (B) CD4, (C) CD8 and (D) GDI lb 
gene expression. Changes in the levels of each gene were first normalized to the fi-actin gene and then the fold-change in WNV-infected brain 
was calculated in comparison to corresponding mock-infected brain. Data represents the mean±SEM, representing two independent experiments 
(n = 7 per group). *P <0.05. SEM, standard error of mean. 
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to corresponding mock-infected mice (Table 2). In these 
mice, maximum increase of 113-, 279-, 394-, and 641 -fold 
was observed in the levels of CCL5, CCL2, CXCL9, and 
CXCL10 respectively. Moreover, there was almost 10-fold 
increase in the mRNA levels of these chemokines in the 
brain of infected db/db mice when compared to infected 
WT mice. The mRNA expression of chemokines receptors 
such as CCR1, CCR5, CCR7 and CXCR2 was also in- 
creased in the brains of infected db/db mice when com- 
pared to infected WT mice (Table 2). Similar to the 
mRNA expression, protein levels of the key chemokines 
such as CXCL10, CXCL1, CCL2, CCL5, CCL3, and G- 
CSF were increased in the brains of infected WT mice 
as measured by the multiplex immunoassay (Figure 4A-F). 
However, their levels were significantly elevated in the 
brains of db/db mice when compared to WT mice at 
day 8 after infection (P <0.05). Very low levels of 
these chemokines were detected in mock-infected 
mice. Moreover, there was no significant difference in 
the chemokine levels between mock-infected WT and 
db/db mice (Figure 4A-F). 

Expression of CAM in the brains of db/db mice after WNV 
infection 

WNV infection induces the expression of CAM such as 
ICAM-1, VCAM-1, and E-selectin, to facilitate leukocyte 
trafficking into the brain [31,36,41,42]. Since differences 
in leukocyte migration were observed, we analyzed the 

Table 2 "Expression of chemokines and their receptors in 
the brain of WNV-infected WT and db/db mice at day 8 



after infection 


Ligand 


WT 


db/db 


Receptor 


WT 


db/db 


ecu 


-2.1 


1.1 


CCR1 


6.1 


10 


CCL2 


279 


320 


CCR3 


5.0 


4.4 


CCL3 


17 


260 


CCR5 


2.2 


5.0 


CCL4 


20 


260 


CCR7 


3.8 


8.1 


CCL5 


113 


279 


CXCR2 


5.0 


4.7 


ecu 


86 


243 


CXCR3 


-1.8 


2.5 


CCL8 


21 


43 


CXCR5 


-1.8 


1.5 


CCL9 


6.6 


3.5 








CCL11 


-1.7 


8.7 








CCL1 2 


65 


279 








CXCL1 


4.0 


24 








CXCL5 


1.9 


2.5 








CXCL9 


394 


3628 








CXCL10 


641 


4787 








CXCL11 


7.6 


80 








CXCL13 


17 


56 









*Changes in the levels of each gene was first normalized to the housekeeping 
genes and then the fold-change in WNV-infected brains was calculated in 
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mRNA and protein expressions of E-selectin, ICAM-1, 
and VCAM-1 in the brain of WT and db/db mice after 
WNV infection. As anticipated, a 10- to 25-fold increase 
in the mRNA expression of ICAM-1 and E-selectin were 
observed in the brains of WT mice compared to corre- 
sponding mock-infected mice at day 8 after infection 
(Figure 5A). In contrast, a modest three to seven-fold in- 
crease in the mRNA expression of ICAM-1 and E-selectin 
were observed in the brains of infected db/db mice com- 
pared to corresponding mock-infected mice. The mRNA 
expression of both E-selectin and ICAM-1 was signifi- 
cantly less in the infected db/db mice than in infected WT 
mice (P <0.05). However, there was no significant increase 
in the expression of VCAM-1 in both WT and db/db mice 
after infection. Similar to mRNA expression, western blot- 
ting further demonstrated the increase in the protein ex- 
pression of both E-selectin and ICAM-1 in the brains of 
WT mice at day 8 after infection. However this increase 
was markedly reduced in the brains of infected db/db mice 
(Figure 5B). As seen in Figure 5C, the increase in the ex- 
pression of ICAM-1 and E-selectin was 250 to 300% in 
WT mice and 120 to 130% in db/db mice, compared with 
corresponding mock-infected mice. The protein levels of 
both E-selectin and ICAM-1 were significantly lower in 
the infected db/db mice when compared to infected WT 
mice (P <0.05). Moreover, immunohistochemical analysis 
revealed markedly reduced staining of E-selectin and 
ICAM-1 in the brains of db/db mice when compared 
with WT mice at day 8 after infection (Figure 6). Fur- 
thermore, increased expression of CAM in WT mice 
co-localized with endothelial cells (Figure 6). 

Similar to the mRNA data, there was no significant in- 
crease in the protein expression of VCAM-1 in both WT 
and db/db mice after WNV infection (Figures 5 and 6). 

Expression of cytokines and their receptors in the brains 
of db/db mice after WNV infection 

WNV infection is associated with increased expression of 
several pro-inflammatory cytokines in the brain [25,43]. 
WNV-induced expression of pro-inflammatory cytokines 
such as IL-lp and TNF regulate leukocyte trafficking into 
the brain, and neuronal death after infection [32,38]. Dia- 
betes is also associated with an enhanced inflammatory re- 
sponse to infections [6,7]. Consequently, we examined the 
expression levels of these key pro -inflammatory cytokines 
in the brains of WT and db/db mice after WNV infection. 
WNV infection resulted in a 3- to 10-fold increase in the 
mRNA expression of cytokines such as IL-1/3, TNF and 
IFNy in the brains of WT mice at day 8 after infection 
compared to corresponding mock-infected mice (Table 3). 
In contrast, there was an 11- to 113-fold increase in ex- 
pression of the aforementioned cytokines in the brains of 
infected db/db mice compared to corresponding mock- 
infected mice. We also observed a 8-fold increase in the 
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Figure 4 Chemokines levels in the brains of WT and db/db mice after WNV infection. Brains were harvested from WT and db/db mice at 
indicated time points and homogenized as described in the Materials and methods section. Levels of chemokines as noted in the figure (A) CXCL10, 
(B) CXCL1, (C) CCL2, (D) CCL5, (E) CCL3, (F) G-CSF were measured using multiplex immunoassay and are expressed as the mean concentration 
(pg/g of tissues) ± SEM, representing two independent experiments (n = 7 per group). *P <0.05. SEM, standard error of mean. 



expression of IL-la in the infected db/db mice. Increased 
expression of cytokines in the brain of WT and db/db 
mice was concomitantly associated with an increase in the 
expression of their corresponding receptors. The mRNA 
expression of IL1R2 and TNFRSF1B was increased by 
4- and 2-fold, respectively, in WT mice at day 8 after 
infection (Table 3). In db/db mice, similar to increased 
cytokine levels, there was a 4- to 9-fold up-regulation of 
mRNA expression of their receptors (Table 3). Similar to 
the mRNA expression, protein levels of IL-lp, TNF, IL-6, 
IFNy, and IL-la were also significantly elevated in the 
brains of db/db mice when compared to WT mice at 
day 8 after infection as measured by the multiplex im- 
munoassay (Figure 7A-F) (P <0.05). However, IL-13 levels 
did not differ between WT and db/db mice (Figure 7F). 
Very low levels of these cytokines were detected in mock- 
infected mice, moreover, there was no significant difference 



in the cytokine levels between mock-infected WT and 
db/db mice (Figure 7A-F). 

Activation of astrocytes in db/db mice after WNV infection 

Astrocytes produce a wide variety of chemokines and cy- 
tokines upon exposure to pro -inflammatory stimuli. Since 
changes were observed in the chemokines and cytokines 
and taking into account the fact that activation of astro- 
cytes is one of the major hallmarks of WNV infection 
[26], we next investigated the activation of astrocytes in 
WT and db/db mice at days 6 and 8 after WNV infec- 
tion. The mRNA expression of GFAP was increased in 
WT mice at day 8 after infection compared to corre- 
sponding mock-infected mice. However, the increase in 
the GFAP expression was significantly higher in the 
infected db/db mice when compared to the infected 
WT mice (Figure 8A) (P <0.05). Similar to the mRNA 
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expression, immunohistochemical analysis revealed in- 
creased GFAP expression in the WT mice at day 8 after 
infection. However GFAP immunoreactivity was more 
pronounced in the brain of db/db mice (Figure 8B). 

Neuronal death in db/db mice after WNV infection 

Neuronal death is the hallmark of WNVE [44] . There- 
fore, we further evaluated the extent of neuronal death 
in the brains of WT and db/db mice after WNV infec- 
tion. We examined H & E-stained sections of brain 
tissues from WT and db/db mice at day 8 after WNV 
infection. The neurons of db/db mice demonstrate eo- 
sinophilic cytoplasm and nuclear karyorrhexis, indicative 
of neuronal death, while neurons of WT mice from the 



same area of the brain are better preserved with baso- 
philic cytoplasm and round nuclei (Figure 8C). WNV- 
induced neuronal apoptosis was further evaluated by 
direct TUNEL staining of WT and db/db brain tissues 
at day 8 after infection. TUNEL staining demonstrated 
markedly increased TUNEL-positive cells in the brain 
of db/db mice when compared to WT mice (Figure 8D). 
All the TUNEL-positive cells co-localized with NeuN 
(neuronal cell marker) (Figure 8F). Furthermore, we 
quantitated TUNEL-positive cells in the brain sections 
from four different mice in each group. The number of 
TUNEL-positive cells in the inflected db/db mice were 
significantly higher than in infected WT mice (Figure 8E) 
(P <0.05). 
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Figure 6 Immunohistochemical analysis of CAM in the brains of WT and db/db mice after WNV infection. Cryopreserved brain sections 
from WNV-infected WT and db/db mice at day 8 after infection were stained with antibodies against E-selectin, ICAM-1, VCAM-1 (Red), and vWF 
(Green). The photomicrographs demonstrate representative images obtained from two independent experiments (n = 4 per group). Bars, 20 urn. 
ICAM-1, intercellular cell adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; vWF, von Willebrand factor. 



Discussion 

One of the hallmarks of WNVE is the accumulation of 
immune cells. The infiltration of immune cells is asso- 
ciated with increased production of neuroinflammatory 
molecules such as cytokines and chemokines and requires 
up regulation of CAM. In contrast, we demonstrate that 



WNVE in db/db mice is characterized by the reduced ac- 
cumulation of leukocytes, despite increased production of 
pro-inflammatory cytokines and chemokines, and is asso- 
ciated with attenuated expression of CAM, increased brain 
viral load, activation of astrocytes, and enhanced neuronal 
death. These results, in conjunction with our previously 
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Table 3 "Expression of cytokines and their receptors in 
the brains of WNV-infected WT and db/db mice at day 8 
after infection 



Ligand 


WT 


db/db 


Receptor 


WT 


db/db 


IFNy 
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113 


IL1R1 


1.5 
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IL-la 
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8.1 


IL1R2 


4.4 
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11 


TNFRSF1A 
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TNF 
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TNFRSF1B 
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4.1 


IL-4 


-2.1 


-4.2 









*Changes in the levels of each gene was first normalized to the housekeeping 
genes, and then the fold-change in WNV-infected brains was calculated in 
comparison to the corresponding mock-infected brains. 



published data, suggest that impaired migration of im- 
mune cells leads to reduced virus clearance from the 
brain, resulting in high mortality in WNV-infected db/db 
mice [19]. 

Reduced leukocyte infiltration in the brains of db/db mice 

WNVE is characterized by virus-associated pathological 
processes, including reaction of the brain resident cells 
and infiltration of inflammatory leukocytes, primarily 
monocytes and T cells, in the perivascular space and 
parenchyma, [25,29]. While infiltration of monocytes is 
protective, it also contributes to WNV-associated path- 
ology [39,40,45]. T cells play an important role in protect- 
ing the host against WNV infection. While CD4 + T cells 
respond primarily in the periphery, CD8 + T cells migrate 
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Figure 7 Cytokines levels in the brains of WT and db/db mice after WNV infection. Brains were harvested from WT and db/db mice at 
indicated time points and homogenized as described in the Materials and methods section. Levels of cytokines as noted in the figure (A) 1 1_- 1 (3 , 
(B) TNF, (C) IL-6, (D) IFNy, (E) IL-la, and (F) IL-13 were measured using multiplex immunoassay and are expressed as the mean concentration 
(pg/g of tissues) ± SEM, representing two independent experiments (n = 7 per group). *P <0.05. SEM, standard error of mean. 



Kumar et al. Journal of Neuroinflammation 2014, 11:80 
http://wwwjneuroinflammation.eom/content/1 1/1/80 



Page 13 of 17 






C H&E D 




TUNEL NeulM + TUNEL 




Figure 8 Astrocyte activation and neuronal apoptosis in the brains of WT and db/db mice. (A) qRT-PCR was conducted on RNA extracted 
from mock- and WNV-infected brains from WT and db/db mice at day 6 and 8 after infection to determine fold-change in GFAP gene expression. 
Change in the levels of GFAP gene was first normalized to the (3-actin gene and then the fold-change in WNV-infected brains was calculated in 
comparison to the corresponding mock-infected brains. Data represents the mean±SEM, representing two independent experiments (n = 7 per 
group). *p <0.05. (B) Cryopreserved brain sections from WNV-infected WT and db/db mice at day 8 after infection were stained for GFAP. 
Immunoreactivity of GFAP was higher in WNV-infected db/db mice. The photomicrographs demonstrate representative images obtained from 
two independent experiments (n = 4 per group). Bars, 20 urn. (C) Cryopreserved brain sections from WNV-infected WT and db/db mice at day 8 
after infection were stained with H&E. Black arrows identify neurons. (D) TUNEL assay was conducted on cryopreserved brain sections from 
WNV-infected WT and db/db mice at day 8 after infection to evaluate neuronal apoptosis (Green, white arrows and enlarged inset of the arrowed 
box). The photomicrographs demonstrate representative images obtained from two independent experiments (n =4 per group). Bars, 20 urn. 

(E) Quantitative representation of TUNEL-positive cells from 15 different brain areas per section (total 2 brain sections per mice) from two 
independent experiments (n =4 per group). Number of TUNEL-positive cells were significantly higher in the brain of db/db mice. *P <0.05. 

(F) Co-immunostaining of TUNEL-positive cells with NeuN (neuronal cell marker). The photomicrographs demonstrate representative images 

obtained from two independent experiments (n = 4 per group). GFAP, glial fibrillary acidic protein; TUNEL, Terminal deoxynucleotidyl transferase 

dUTP nick end labeling; SEM, standard error of mean, 
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into the brain and clear WNV from infected neurons [43] . 
CD8 + T cells utilize perforin- and Fas ligand-dependent 
cytolytic mechanisms to limit WNV infection [46,47]. 
These cytolytic clearance mechanisms by effector CD8 + T 
cells limit viral burden and neurological disease, and 
outweigh the possible pathological effects of immune- 
targeted neuronal injury by CD8 + T cells. It has been dem- 
onstrated that mice lacking CD8 + T cells have increased 
viral burden in the brain and mortality rate when infected 
with WNV [30,46,47]. Similar to the previously published 
data, we demonstrate that brain WNV titer in db/db mice 
was significantly higher than in WT mice (Figure 1C) [19]. 
Although we also observed a delay in the induction of 
IFN-a response in the brains of db/db mice, IFN-a levels 
were similar in the brains of WT and db/db mice at day 8 
after infection [19]. Moreover, as described above, adaptive 
immune responses (particularly T cell mediated immunity) 
is a predominant immune response and is essential for 
controlling WNV infection in the brain. In this study, we 
used a variety of experimental approaches to demonstrate 
that WNV-infected db/db mice had reduced levels of infil- 
trating CD45 + and CD8 + cells in the brain when compared 
to infected WT mice (Figures 1, 2, 3). Although several 
peripheral responses including antiviral immune responses 
(IFN-a, IgM, and IgG) and pro -inflammatory responses, 
were altered in the WT and db/db mice [19], we observed 
a similar number of immune cells including CD8 + T 
cells in the spleen of WNV-infected WT and db/db mice 
(Figure 3). 

It is known that the diabetic condition reduces leukocyte 
adherence and transmigration [48,49]. Several in vitro 
studies have demonstrated significantly reduced trans- 
migration of neutrophils and monocytes in response to 
various chemotactic stimuli across an in vitro transwell 
chamber or Boyden chamber in diabetic patients com- 
pared to non-diabetic controls [3,8,9,49,50]. Recently, 
an in vivo study using db/db mice revealed reduced in- 
filtration of neutrophils in the brain after LPS adminis- 
tration [10]. Moreover, it has also been demonstrated 
that reduction in rolling, adhesion, and migration of 
leukocytes to the site of infection increased susceptibil- 
ity of diabetic mice to polymicrobial sepsis [49]. Simi- 
larly, in our study, the presence of diabetes significantly 
alters leukocyte recruitment in the brain, resulting in a 
failure to clear WNV infection in the brains of db/db 
mice. 

Enhanced inflammation in the brains of db/db mice 
despite reduced leukocyte infiltration 

WNV-induced expression of pro-inflammatory mole- 
cules such as CXCL10, CCL2 and TNF are essential for 
the trafficking of leukocytes into the brain [29,32,39]. 
Increased expression of cytokines and chemokines in a 
WNV-infected brain is usually associated with the 



enhanced trafficking of leukocytes into the brain [43]. 
We observed an increase in the various chemokine and 
cytokine levels in the brains of db/db mice despite reduced 
leukocyte infiltration (Figures 4 and 7, Tables 2 and 3). This 
effect may be due to the absence of CD8 + T cells which 
may lead to uncontrolled virus replication in resident 
brain cells, such as neurons and astrocytes, resulting in 
the increased production of cytokines and chemokines. 
It has been demonstrated that WNV-infected neurons 
directly contribute to the inflammation by secreting 
various chemokines and cytokines [29,38]. Moreover, 
the activation of astrocytes is one of the key pathogenic 
features of WNVE [26,51]. WNV-induced increased 
production of cytokines and chemokines has been dem- 
onstrated in the astrocytes [52-54]. In this study, we 
also demonstrate an increase in astrocytes activation in 
the brains of db/db mice when compared to WT mice 
(Figure 8 A and B). These results suggest that WNV- 
infected neurons and activated astrocytes are the potential 
source of these inflammatory molecules in the brains of 
db/db mice. However, our data do not rule out the possi- 
bility of cytokine production by infiltrating NK cells and/ 
or resident microglial cells in the brains of db/db mice. 
Moreover, fewer immune cells infiltrating into the brains 
of db/db mice may be hyperresponsive and producing 
increased amounts of pro-inflammatory mediators in the 
brains of these mice. Similarly, in our previous study, we 
also observed increased production of pro-inflammatory 
mediators in the serum of db/db mice when compared to 
WT mice [19]. These data collectively demonstrate that 
WNV infection in db/db mice led to the increased pro- 
duction of inflammatory mediators, both in the periphery 
and in the brain. 

Attenuated WNV-induced CAM expression in the brains of 
db/db mice 

The other possible explanation for the reduced leukocyte 
migration observed in the brains of WNV-infected db/db 
mice is the expression of CAM. CAM are required for 
leukocyte migration into the brain [55]. WNV infection 
also increases the expression of CAMs such as ICAM-1, 
VCAM-1, and E-selectin, to facilitate leukocyte trafficking 
into the brain parenchyma [31,41,42]. It has been demon- 
strated that CAM are important for maintaining leuko- 
cytes in the brain following WNV infection. Moreover, 
leukocyte and macrophage infiltrates were decreased in 
the brains of ICAM-1" 7 " mice after WNV infection [31]. 
Similarly, we observed an increased expression of ICAM-1 
and E-selectin in the brains of WT mice after WNV infec- 
tion, which correlates with leukocyte infiltration in these 
mice (Figures 5 and 6). Similar results have also been ob- 
served in other CNS -tropic viruses such as Theiler s mur- 
ine encephalomyelitis virus (TMEV) [56]. It has been 
demonstrated that TMEV infection induces the expression 
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of CAM such as ICAM-1 and VCAM-1 in the mice brain, 
which plays an important role in mediating the infiltration 
of leukocytes into the brain [56-58]. 

In our study, significant up-regulation of CAM is ob- 
served at day 8 after infection in the brain of WT mice, 
which correlates with high virus replication (Figure 1C) 
[19]. In contrast, levels of both E-selectin and ICAM-1 
were significantly lower in the brains of infected db/db 
mice despite a significantly high viral load in the brains 
of db/db mice when compared to WT mice (Figures 1C 
and 5). It has been demonstrated that patients with Type 
2 diabetes exhibit an attenuated upregulation of ICAM-1, 
VCAM-1, and E-selectin after various stimuli such as LPS 
[3,11]. A recent study has demonstrated that the reduced 
expression of ICAM-1 plays a crucial role in decreased 
neutrophils recruitment into the brains of db/db mice 
after LPS-induced systemic inflammation [10]. Similarly, 
in WNV-infected db/db mice, reduced levels of CAM are 
insufficient to allow efficient leukocyte migration during 
WNVE despite high chemokines levels in the brain. 

Increased neuronal death in db/db mice 

WNV-induced pro-inflammatory cytokines are known 
to modulate BBB permeability, activate glial cells, and 
mediate neuronal death, leading to the induction of 
lethal encephalitis [38,59,60]. In this study, we demon- 
strate significantly elevated levels of cytokines such as 
IL-1(3, IL-6, TNF, IL-la, and IFN-y and their receptors 
in the brains of db/db mice at days 6 and 8 after WNV 
infection (Figure 7, Table 3), which correlated with in- 
creased levels of WNV in the brains of db/db mice [19]. 
IL-1(3 and TNF have been demonstrated to induce neur- 
onal apoptosis after WNV infection [38]. Similarly, we also 
observed increased neuronal apoptosis in the brains of 
db/db mice when compared to WT mice (Figure 8C-F). 
Neuronal apoptosis is the hallmark of WNVE and an 
increase in neuronal apoptosis is associated with in- 
creased lethality following WNV infection [24,44]. Col- 
lectively, these results indicate a correlation between 
enhanced inflammatory response and increased neuronal 
apoptosis in the brains of db/db mice, thereby leading 
to increased mortality. These data are consistent with 
previous observations that db/db mice demonstrate a 
greater inflammatory response to various pathogens such 
as Staphylococcus aureus, Porphyromonas gingivalis, and 
Trypanosoma cruzi, in which a heightened inflamma- 
tory response was correlated with increased disease 
severity [7,61,62]. 

Conclusions 

Our previously published data demonstrated that the 
presence of diabetes attenuated peripheral antiviral im- 
mune responses leading to an increased WNV load in 
the serum, peripheral tissues, and brain [19]. In this 



study, we demonstrate that the presence of diabetes en- 
hances WNV infection in the brain by inhibiting migra- 
tion or accumulation of protective leukocytes in the brain, 
which correlates with reduced levels of CAM. Enhanced 
virus replication leads to increased levels of chemokines 
and cytokines in the brains of db/db mice, which mediates 
astrocytes activation and causes neuronal death, leading to 
lethal encephalitis and increased mortality in db/db mice. 
Collectively, these data and our previously published data 
[19] build the foundation for the development of a much 
needed therapeutic intervention to limit the progression 
of WNVE among diabetics. 

Abbreviations 

BBB: Blood brain barrier; CAM: Cell adhesion molecules; CCL: Chemokine CC 
motif ligand; CCR: Chemokine CC motif receptor, CXCL, Chemokine CXC 
motif ligand; CXCR: Chemokine CXC motif receptor; ICAM-1: Intercellular cell 
adhesion molecule 1; IL: Interleukin; IL1R: Interleukin 1 receptor; 
IFN: Interferon; GFAP: Glial fibrillary acidic protein; LPS: Lipopolysaccharides; 
OCT: optimum cutting temperature; PBS: Phosphate buffered saline; 
PFA: Paraformaldehyde; PFU: Plaque forming units; TNF: tumor necrosis 
factor; TNFRSF1: Tumor necrosis factor receptor superfamily member 1; 
TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; 
vWF: von Willebrand factor; WNV: West Nile virus; WNVE: WNV-associated 
encephalitis; WT: Wild-type. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

MK and VRN designed and conducted experiments, analyzed results, and 
wrote the manuscript. KR and BO conducted experiments. SV and PVN were 
involved in early experimental design and discussions and provided 
intellectual input. KST examined and interpreted histopathology slides and 
provided intellectual input. All authors have read and approved the final 
version of the manuscript. 

Acknowledgements 

This study was partially supported by grants from the Centers of Biomedical 
Research Excellence (P20GM103516), National Institute of General Medical 
Sciences, National Institutes of Health (NIH), and Institutional funds. We thank 
the Histopathology Core and Imaging Core Facility staff of the Research 
Centers in Minority Institutions Program (G12MD007601), National Institute 
on Minority Health and Health Disparities, NIH, for assistance with histology 
and use of the LI-COR Odyssey imager, respectively. We also thank Ms Janet 
Meeks for assistance in the JABSOM Biocontainment Facility, Ms. Alexandra 
Gurary, and Dr. Ravi Tandon for assistance with the flow cytometry. This work 
is part of the doctoral thesis of MK submitted to the University of Hawaii. 

Author details 

department of Tropical Medicine, Medical Microbiology and Pharmacology, 
John A. Burns School of Medicine, University of Hawaii at Manoa, 651 Halo 
Street, BSB 320G, Honolulu, Hawaii 96813, USA. 2 Pacific Center for Emerging 
Infectious Diseases Research, John A. Burns School of Medicine, University of 
Hawaii at Manoa, 651 Halo Street, BSB 320G, Honolulu, Hawaii 96813, USA. 
department of Molecular Biosciences and Bioengineering, Laboratory of 
Metabolic Disorders and Alternative Medicine, College of Tropical Agriculture 
and Human Resources, University of Hawaii at Manoa, 1955 East-West Road, 
Honolulu, Hawaii 96822, USA. department of Pathology, John A. Burns 
School of Medicine, University of Hawaii at Manoa, 651 Halo Street, BSB 320G, 
Honolulu, Hawaii 96813, USA. 

Received: 25 January 2014 Accepted: 1 1 April 2014 
Published: 21 April 2014 

References 

1. Calvet HM, Yoshikawa TT: Infections in diabetes. Infect Dis Clin North Am 
2001, 15:407-421. 



Kumar et al. Journal of Neuroinflammation 2014, 11:80 
http://wwwjneuroinflammation.eom/content/1 1/1/80 



2. Geerlings SE, Hoepelman Al: Immune dysfunction in patients with 

diabetes mellitus (DM). FEMS Immunol Med Microbiol 1999, 26:259-265. 

3. Delamaire M, Maugendre D, Moreno M, Le Goff MC, Allannic H, Genetet B: 
Impaired leucocyte functions in diabetic patients. Di abet Med 1997, 
14:29-34. 

4. Saeed FA, Castle GE: Neutrophil chemiluminescence during phagocytosis 
is inhibited by abnormally elevated levels of acetoacetate: implications 
for diabetic susceptibility to infections. Clin Diagn Lab Immunol 1998, 
5:740-743. 

5. Katz S, Klein B, Elian I, Fishman P, Djaldetti M: Phagocytotic activity of 
monocytes from diabetic patients. Diabetes Care 1983, 6:479-482. 

6. Donath MY, Shoelson SE: Type 2 diabetes as an inflammatory disease. 
Nat Rev Immunol 201 1 , 1 1 :98-1 07. 

7. Naguib G, Al-Mashat H, Desta T, Graves DT: Diabetes prolongs the 
inflammatory response to a bacterial stimulus through cytokine 
dysregulation. J Invest Dermatol 2004, 1 23:87-92. 

8. Waltenberger J, Lange J, Kranz A: Vascular endothelial growth factor-A- 
induced chemotaxis of monocytes is attenuated in patients with 
diabetes mellitus: a potential predictor for the individual capacity to 
develop collaterals. Circulation 2000, 102:185-190. 

9. Hill HR, Augustine NH, Rallison ML, Santos Jl: Defective monocyte 
chemotactic responses in diabetes mellitus. J Clin Immunol 1983, 3:70-77. 

10. Rummel C, Inoue W, Poole S, Luheshi GN: Leptin regulates leukocyte 
recruitment into the brain following systemic LPS-induced inflammation. 
Mol Psychiatry 2010, 15:523-534. 

11. Andreasen AS, Pedersen-Skovsgaard T, Berg RM, Svendsen KD, Feldt- 
Rasmussen B, Pedersen BK, Moller K: Type 2 diabetes mellitus is associated 
with impaired cytokine response and adhesion molecule expression in 
human endotoxemia. Intensive Care Med 2010, 36:1548-1555. 

12. Hayes EB, Gubler DJ: West Nile virus: epidemiology and clinical features 
of an emerging epidemic in the United States. Annu Rev Med 2006, 
57:181-194. 

1 3. Sejvar JJ, Haddad MB, Tierney BC, Campbell GL, Marfin AA, Van Gerpen JA, 
Fleischauer A, Leis AA, Stokic DS, Petersen LR: Neurologic manifestations and 
outcome of West Nile virus infection. J Am Med Assoc 2003, 290:51 1-515. 

14. Nash D, Mostashari F, Fine A, Miller J, O'Leary D, Murray K, Huang A, 
Rosenberg A, Greenberg A, Sherman M, Wong S, Layton M, West Nile 
Outbreak Response Working Group: The outbreak of West Nile virus 
infection in the New York City area in 1999. N Engl J Med 1999, 2001 
(344):1807-1814. 

15. Sejvar JJ, Lindsey NP, Campbell GL: Primary causes of death in reported 
cases of fatal West Nile Fever, United States, 2002-2006. Vector Borne 
Zoonotic Dis 2011, 11:161-164. 

16. Patnaik JL, Harmon H, Vogt RL: Follow-up of 2003 human West Nile virus 
infections, Denver, Colorado. Emerg Infect Dis 2006, 12:1 129-1 131. 

1 7. Guarner J, Shieh WJ, Hunter S, Paddock CD, Morken T, Campbell GL, Marfin 
AA, Zaki SR: Clinicopathologic study and laboratory diagnosis of 23 cases 
with West Nile virus encephalomyelitis. Hum Pathol 2004, 35:983-990. 

18. Nolan MS, Podoll AS, Hause AM, Akers KM, Finkel KW, Murray KO: 
Prevalence of chronic kidney disease and progression of disease over 
time among patients enrolled in the Houston West Nile virus cohort. 
PLoS One 2012, 7:e40374. 

19. Kumar M, Roe K, Nerurkar PV, Namekar M, Orillo B, Verma S, Nerurkar VR: 
Impaired virus clearance, compromised immune response and increased 
mortality in Type 2 diabetic mice infected with West Nile virus. PLoS One 
2012, 7:e44682. 

20. Jean CM, Honarmand S, Louie JK, Glaser CA: Risk factors for West Nile virus 
neuroinvasive disease, California, 2005. Emerg Infect Dis 2007, 1 3:1 91 8-1 920. 

21 . Bode AV, Sejvar JJ, Pape WJ, Campbell GL, Marfin AA: West Nile virus 
disease: a descriptive study of 228 patients hospitalized in a 4-county 
region of Colorado in 2003. Clin Infect Dis 2006, 42:1234-1240. 

22. Cook RL, Xu X, Yablonsky EJ, Sakata N, Tripp JH, Hess R, Piazza P, Rinaldo CR: 
Demographic and clinical factors associated with persistent symptoms 
after West Nile virus infection. Am J Trop Med Hyg 2010, 83:1 133-1 136. 

23. Abroug F, Ouanes-Besbes L, Letaief M, Ben Romdhane F, Khairallah M, Triki 
H, Bouzouiaia N: ^.Mayo Clin Proc 2006, 81:12-16. 

24. Shrestha B, Gottlieb D, Diamond MS: Infection and injury of neurons by 
West Nile encephalitis virus. J Virol 2003, 77:13203-13213. 

25. Glass WG, Lim JK, Cholera R, Pletnev AG, Gao JL, Murphy PM: Chemokine 
receptor CCR5 promotes leukocyte trafficking to the brain and survival 
in West Nile virus infection. J Exp Med 2005, 202:1087-1098. 



Page 16 of 17 



26. Petzold A, Groves M, Leis AA, Scaravilli F, Stokic DS: Neuronal and glial 
cerebrospinal fluid protein biomarkers are elevated after West Nile virus 
infection. Muscle Nerve 2010, 41:42-49. 

27. Samuel MA, Diamond MS: Alpha/beta interferon protects against lethal 
West Nile virus infection by restricting cellular tropism and enhancing 
neuronal survival. J Virol 2005, 79:13350-13361. 

28. Diamond MS, Shrestha B, Marri A, Mahan D, Engle M: B cells and antibody 
play critical roles in the immediate defense of disseminated infection by 
West Nile encephalitis virus. J Virol 2003, 77:2578-2586. 

29. Klein RS, Lin E, Zhang B, Luster AD, Tollett J, Samuel MA, Engle M, Diamond 
MS: Neuronal CXCL10 directs CD8+ T-cell recruitment and control of 
West Nile virus encephalitis. J Virol 2005, 79:1 1457-1 1466. 

30. Shrestha B, Diamond MS: Role of CD8+ T cells in control of West Nile 
virus infection. J Virol 2004, 78:8312-8321. 

31 . Dai J, Wang P, Bai F, Town T, Fikrig E: lcam-1 participates in the entry of West 
Nile virus into the central nervous system. J Virol 2008, 82:4164-4168. 

32. Shrestha B, Zhang B, Purtha WE, Klein RS, Diamond MS: Tumor necrosis 
factor alpha protects against lethal West Nile virus infection by 
promoting trafficking of mononuclear leukocytes into the central 
nervous system. J Virol 2008, 82:8956-8964. 

33. Verma S, Hoffmann FW, Kumar M, Huang Z, Roe K, Nguyen-Wu E, Hashimoto 
AS, Hoffmann PR: Selenoprotein K knockout mice exhibit deficient calcium 
flux in immune cells and impaired immune responses. J Immunol 201 1, 
186:2127-2137. 

34. Kumar M, Roe K, Orillo B, Muruve DA, Nerurkar VR, Gale M Jr, Verma S: 
Inflammasome adaptor protein apoptosis-associated speck-like protein 
containing CARD (ASC) is critical for the immune response and survival 
in West Nile virus encephalitis. J Virol 2013, 87:3655-3667. 

35. Verma S, Kumar M, Gurjav U, Lum S, Nerurkar VR: Reversal of West Nile 
virus-induced blood-brain barrier disruption and tight junction proteins 
degradation by matrix metalloproteinases inhibitor. Virology 2010, 
397:130-138. 

36. Verma S, Lo Y, Chapagain M, Lum S, Kumar M, Gurjav U, Luo H, Nakatsuka 
A, Nerurkar VR: West Nile virus infection modulates human brain 
microvascular endothelial cells tight junction proteins and cell adhesion 
molecules: transmigration across the in vitro blood-brain barrier. Virology 
2009, 385:425-433. 

37. Roe K, Kumar M, Lum S, Orillo B, Nerurkar VR, Verma S: West Nile virus- 
induced disruption of the blood-brain barrier in mice is characterized by 
the degradation of the junctional complex proteins and increase in 
multiple matrix metalloproteinases. J Gen Virol 2012, 93:1 193-1203. 

38. Kumar M, Verma S, Nerurkar VR: Pro-inflammatory cytokines derived from 
West Nile virus (WNV)-infected SK-N-SH cells mediate neuroinflammatory 
markers and neuronal death. J Neuroinflammation 2010, 7:73. 

39. Getts DR, Terry RL, Getts MT, Muller M, Rana S, Shrestha B, Radford J, Van 
Rooijen N, Campbell IL, King NJ: Ly6c + "inflammatory monocytes" are 
microglial precursors recruited in a pathogenic manner in West Nile 
virus encephalitis. J Exp Med 2008, 205:2319-2337. 

40. Lim JK, Obara CJ, Rivollier A, Pletnev AG, Kelsall BL, Murphy PM: Chemokine 
receptor Ccr2 is critical for monocyte accumulation and survival in West 
Nile virus encephalitis. J Immunol 201 1, 186:471-478. 

41. Shen J, T-To SS, Schrieber L, King NJ: Early E-selectin, VCAM-1, ICAM-1, and 
late major histocompatibility complex antigen induction on human 
endothelial cells by flavivirus and comodulation of adhesion molecule 
expression by immune cytokines. J Virol 1997, 71:9323-9332. 

42. Getts DR, Terry RL, Getts MT, Muller M, Rana S, Deffrasnes C, Ashhurst TM, 
Radford J, Hofer M, Thomas S, Campbell IL, King NJ: Targeted blockade in 
lethal West Nile virus encephalitis indicates a crucial role for very late 
antigen (VLA)-4-dependent recruitment of nitric oxide-producing 
macrophages. J Neuroinflammation 2012, 9:246. 

43. Diamond MS, Mehlhop E, Oliphant T, Samuel MA: The host immunologic 
response to West Nile encephalitis virus. Front Biosci 2009, 14:3024-3034. 

44. Samuel MA, Morrey JD, Diamond MS: Caspase 3-dependent cell death of 
neurons contributes to the pathogenesis of West Nile virus encephalitis. 
J Virol 2007,81:2614-2623. 

45. Bai F, Kong KF, Dai J, Qian F, Zhang L, Brown CR, Fikrig E, Montgomery RR: 
A paradoxical role for neutrophils in the pathogenesis of West Nile virus. 
J Infect Dis 201 0, 202:1 804-1 81 2. 

46. Shrestha B, Diamond MS: Fas ligand interactions contribute to CD8+ 
T-cell-mediated control of West Nile virus infection in the central 
nervous system. J Virol 2007, 81:11 749-1 1 757. 



Kumar et al. Journal of Neuroinflammation 2014, 11:80 
http://wwwjneuroinflammation.eom/content/1 1/1/80 



Page 1 7 of 1 7 



47. Shrestha B, Samuel MA, Diamond MS: CD8+ T cells require perforin to 
clear West Nile virus from infected neurons. J Virol 2006, 80:1 19-129. 

48. Sannomiya P, Oliveira MA, Fortes ZB: Aminoguanidine and the prevention 
of leukocyte dysfunction in diabetes mellitus: a direct vital microscopic 
study. Br J Pharmacol 1 997, 1 22:894-898. 

49. Spiller F, Carlos D, Souto FO, de Freitas A, Soares FS, Vieira SM, Paula FJ, 
Alves-Filho JC, Cunha FQ: Alpha1-acid glycoprotein decreases neutrophil 
migration and increases susceptibility to sepsis in diabetic mice. Diabetes 
2012,61:1584-1591. 

50. Chanchamroen S, Kewcharoenwong C, Susaengrat W, Ato M, 
Lertmemongkolchai G: Human polymorphonuclear neutrophil responses 
to Burkholderia pseudomallei in healthy and diabetic subjects. Infect 
Immun 2009, 77:456-463. 

51 . Kelley TW, Prayson RA, Ruiz Al, Isada CM, Gordon SM: The neuropathology 
of West Nile virus meningoencephalitis. A report of two cases and 
review of the literature. Am J Clin Pathol 2003, 1 19:749-753. 

52. Verma S, Kumar M, Nerurkar VR: Cyclooxygenase-2 inhibitor blocks the 
production of West Nile virus-induced neuroinflammatory markers in 
astrocytes. J Gen Virol 201 1, 92:507-515. 

53. van Marie G, Antony J, Ostermann H, Dunham C, Hunt T, Halliday W, 
Maingat F, Urbanowski MD, Hobman T, Peeling J, Power C: West Nile virus- 
induced neuroinflammation: glial infection and capsid protein-mediated 
neurovirulence. J Virol 2007, 81:10933-10949. 

54. Cheeran MC, Hu S, Sheng WS, Rashid A, Peterson PK, Lokensgard JR: 
Differential responses of human brain cells to West Nile virus infection. 
JNeurovirol 2005, 11:512-524. 

55. Wong D, Prameya R, Dorovini-Zis K: In vitro adhesion and migration of T 
lymphocytes across monolayers of human brain microvessel endothelial 
cells: regulation by ICAM-1, VCAM-1, E-selectin and PECAM-1. 

J Neuropathol Exp Neurol 1 999, 58:1 38-1 52. 

56. Mestre L, Inigo PM, Mecha M, Correa FG, Hernangomez-Herrero M, Loria F, 
Docagne F, Borrell J, Guaza C: Anandamide inhibits Theiler's virus induced 
VCAM-1 in brain endothelial cells and reduces leukocyte transmigration 
in a model of blood brain barrier by activation of CB (1) receptors. 

J Neuroinflammation 201 1, 8:102. 

57. Mestre L, Docagne F, Correa F, Loria F, Hernangomez M, Borrell J, Guaza C: 
A cannabinoid agonist interferes with the progression of a chronic 
model of multiple sclerosis by downregulating adhesion molecules. 
Mol Cell Neurosci 2009, 40:258-266. 

58. Inoue A, Koh CS, Yamazaki M, Ichikawa M, Isobe M, Ishihara Y, Yagita H, Kim 
BS: Anti-adhesion molecule therapy in Theiler's murine 
encephalomyelitis virus-induced demyelinating disease. Int Immunol 
1997, 9:1837-1847. 

59. Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, Flavell RA: Toll-like 
receptor 3 mediates West Nile virus entry into the brain causing lethal 
encephalitis. Nat Med 2004, 10:1366-1373. 

60. Garcia-Tapia D, Hassett DE, Mitchell WJ Jr, Johnson GC, Kleiboeker SB: West 
Nile virus encephalitis: sequential histopathological and immunological 
events in a murine model of infection. J Neurovirol 2007, 13:130-138. 

61. Park S, Rich J, Hanses F, Lee JC: Defects in innate immunity predispose 
C57BL/6 J-Leprdb/Leprdb mice to infection by Staphylococcus aureus. 
Infect Immun 2009, 77:1008-1014. 

62. Nagajyothi F, Zhao D, Machado FS, Weiss LM, Schwartz GJ, Desruisseaux MS, 
Zhao Y, Factor SM, Huang H, Albanese C, Teixeira MM, Scherer PE, Chua SC 
Jr, Tanowitz HB: Crucial role of the central leptin receptor in murine 
Trypanosoma cruzi (Brazil strain) infection. J Infect Dis 2010, 
202:1104-1113. 



doi:1 0.1 1 86/1 742-2094-1 1 -80 

Cite this article as: Kumar et al.: Reduced immune cell infiltration and 
increased pro-inflammatory mediators in the brain of Type 2 diabetic 
mouse model infected with West Nile virus. Journal of Neuroinflammation 
2014 11:80. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



